One-dimensional nanostructure ZnO nanorods (NRs) with controlled lengths and diameters were synthesized by the growth of colloidal nanoparticles and then characterized by XRD, TEM, Raman, PL and UVVis. The growth time parameter plays an important role in the formation process of ZnO NRs. The asprepared nanoparticles has spherical shape with size about 4 nm, and formed single-crystalline NRs of length up to 150 nm and 16-20 nm in diameters. Raman spectra of the as-grown ZnO nanorods revealed the existence of Raman silent modes B 
Introduction
Zinc oxide (ZnO) is n-type semiconductor material of a wide band-gap (3.37 eV) at room temperature and has high exciton binding energy (60 meV) [1, 2] . ZnO is a well-known luminescent material which can be applied in optoelectronic devices such as light emitting diodes, lasers, sensors [3] [4] [5] , photovoltaic devices [6] , and other promising applications in electroluminescent devices consisting of inorganic/organic materials [7] , and recently in phase change memory devices [8] . In addition, ZnO exhibits two emission bands in the UV and visible regions at room temperature [9] . The first UV emission is located at 375 nm and a broader emission of the green spectral range occurs between 480 and 560 nm which reflects various types of intrinsic defects always are presented in the ZnO nanostructure [10] . The relative intensity of these bands depends on the type of fabrication process of ZnO such as; thin film [11] , nanoparticles [12] , nanorods [13, 14] , nanowires [15] and nano-flower [16] . In the last decade, various methods were employed to produce ZnO nanostructures with different sizes, shapes, and lengths, for example: sol-gel methods [17] , pulsed laser deposition (PLD) [18] , physical vapor deposition [19] , and hydrothermal route [20, 21] . Sol-gel method has been widely used to fabricate one-dimensional nanostructures [22] ; it is a very attractive method due to its simplicity, large area, and low cost [19] .
Cludia and co-workers [23] reported single crystalline ZnO nanorods structured from spherical ZnO nanoparticles. They observed ZnO nanorods with average length of 100 nm and width of approximately 15 nm.
Structural defects and growth variation of ZnO NRs are sensitive to Raman spectroscopy [24] . The Raman non active branches or silent modes such as B may become activated by introducing defects, or by doping with other elements [25] . The active and silent Raman modes have been studied theoretically [26, 27] , and experimentally. Serrano et al. [25] , have observed the active and silent Raman modes by using inelastic neutron scattering (INS) experiment on a single crystals of ZnO.
In this work, we report the synthesis of various lengths of ZnO nanorods growth from colloidal nanoparticles. The length and diameter are based on the growth time of the formation process. The produced nanorods with different lengths are characterized by TEM, XRD, UV-visible absorption and photoluminescence spectrum. Moreover, Raman spectroscopy of active and inactive branches of optical phonon was studied and showed new features in the spectrum. 
Experimental
ZnO nanorods at different growth times and with average lengths of 50-150 nm were synthesized by conducting the following steps. First, colloidal solution of ZnO was prepared to produce nanoparticles with an average diameter of 4 nm using Spanhel and Anderson method [17] . Briefly, a 5.5 g of zinc acetate dehydrate (98 +%, sigma Aldrich) in 250 ml of ethanol was heated until the solution became clear. This solution was refluxed for 1hr, and 150 ml of the solvent was removed by distillation and replaced by the same amount of fresh ethanol. Then, 1.39 g of lithium hydroxide monohydrate (Aldrich) was added to the solution in an ultrasonic bath at 0°C. The mixture was dispersed for 1 h to obtain a transparent solution consisting of ZnO nanoparticles in suspension with apparent diameters of about 4 nm. The solution was filtered through a 0.1 mm membrane filter to remove undissolved LiOH. In the second step, Hoyer's method [28] was used with modifications. The solution of 100 ml containing ZnO nanoparticles was heated and mixed with 10% of deionized water at 60°C for different periods of time 2, 6, 18, and 48 h. During this process, a white powder was formed and precipitated. Then the solution was centrifuged and washed four times with ethanol-water mixture (19:1) to remove physisorbed ionic compounds.
The shape and length of ZnO nanorods were analyzed using transmission electron microscope (TEM) using Tecnai G2 F20 Spirit BioTwin, Netherlands. Powder X-ray diffraction (XRD) patterns were obtained at room temperature using Shimadzu 6100 XRD and CuΚa radiation (k = 0.15406 nm). The optical absorption spectra were obtained using Jasco UV-Visible spectrophotometer. In order to get the phonon vibrational study of the ZnO nanorods XploRA confocal Raman microscope (Horiba Jobin Yvon, France) was used with laser excitation of 532 nm wavelength. Photoluminescence experiments were carried out by Varian Cary Eclipse Fluorescence Spectrophotometer with excitation wavelength 320 nm.
Results and discussion

TEM and XRD characterization
Morphology and particle size of the synthesized ZnO nanoparticles are shown in Fig. 1 . The mean size estimated from the TEM image is about 4 nm. Fig. 2 shows the TEM images of ZnO nanorods with different growth time of 2, 6, 18, and 48 h. The TEM image shows that the average diameter of the nanorods varies from 16 nm for 2 h growth time to 20 nm for 48 h, and their lengths vary between 50 nm and 150 nm. The variation of the length and diameter of ZnO nanorods with the growth time was plotted in Fig. 3 . The figure shows that the diameter and length are directly proportional with the growth time. Moreover, the selected area electron diffraction (SAED) in Fig. 2(e) obtained from TEM verified the crystal nature of the produced nanorods, and the bright uniform spots are confirming the preferential orientation for nanocrystals instead of random orientation.
More information about the crystal structure of the ZnO nanorods can be obtained from Fig. 4 , which shows a typical XRD pattern of the as prepared ZnO nanorods at different growth time (2, 6, 18 , and 48 h). The sharpness of the peaks implied the high crystallinity of the as-prepared ZnO nanorods with a single-phase nature of a wurtzite structure. The observed diffraction peaks can be attributed to the presence of pure hexagonal phase of ZnO with lattice constants of a = 3.251 Å and c = 5.208 Å. The data is in good agreement with JCPDS card for ZnO (JCPDS, 036-1451). It should be noted here that the full width at half maximum (FWHM) of the diffraction peaks increases when the growth time decreases. Consequently, the diameter of ZnO nanorods decreases. The full width at half maximum of the peak (0 0 2), in the XRD pattern is routinely used to determine the mean crystalline size using the De-byeScherer's formula [29] ,
where k, h, and b are the X-ray wavelength (0.154 nm), Bragg diffraction angle, and FWHM, respectively. The results of the crystalline diameter of ZnO nanorods are estimated to be 16, 16.2, 18.5 and 20 nm for growth times 2, 6, 18, and 48 h, respectively. These results are consistent with the results obtained from the TEM images in Fig. 2 .
Raman spectroscopy
The optical phonons, U opt in wurtzite crystals is given by is related to heavy Zn sublattices [30] . In addition, the B 1 (low) and B 1 (high) modes are not Raman active. Fig. 5 shows Raman spectra of the ZnO nanorods. In this figure, the observed peaks at 98 and 437 cm À1 are assigned to E modes respectively, which became activated by inducting defects [27, 33] . The peak at 328 cm À1 corresponds to the second order Raman spectrum arising from zone boundary phonons (E 2 high -E 2 low) [24] , while the peak at 584 cm À1 corresponds to the 1E 1 (LO) mode of ZnO associated with oxygen deficiency [34] . The peak position at 208 cm À1 is assigned to the second-order 2E ðlowÞ 2 structure [33] , and the peak at 385 cm À1 is attributed to A 1 (TO) mode [35] . Furthermore, phonon frequencies at 150 and 478 cm À1 are in excellent agreement with a reported theoretical calculations [25] . Additionally, Raman mode observed at 683 cm À1 is originated from the acetate groups used as a reactants in the synthesis process, and ascribed to the O-C-O symmetric bends [36] .
UV-absorption and photoluminescence
The room temperature UV-visible absorption spectra of ZnO nanorods for various growth times are shown in Fig. 6 . It exhibits a strong absorption edge at about 367 nm (3.378 eV). The optical energy gap, E g of the ZnO nanorods with different growth time can be determined by using the Tauc graphs [37] , one can plot, (ahm) 2 versus the photon energy hm using the data obtained from the absorption spectra as shown in Fig. 7 . It reveals that the obtained plotting gives tangent to the linear portion of the curves in a certain region. The energy gap (E g ) values is obtained by extending this straight line to intercept the (hm)-axis at (ahm) 2 = 0. The band gap calculated for as-synthesized ZnO nanorods are (3.21, 3.18, 3.14, and 3.11 eV) for samples at 2, 6, 18 and 48 h growth time, respectively. It is worth noting that the obtained Eg values are less than the band gap of bulk ZnO (3.37 eV). This results indicate that when the growth time increases from 2 to 48 h, the values o f Eg decrease from 3.21 to 3.11 eV. According to the bandgap energy (E g ) of the bulk ZnO, this results can be attributed to the optical confinement effect correspond to the size and length of NRs [10, 38] . The photoluminescence (PL) spectra of different growth time of ZnO nanorods were also measured in order to investigate the influence of nanorods length. Fig. 8 shows the room-temperature PL spectra of various growth times (2, 6, 18 , and 48 h) of ZnO nanorods. All nanorods show two distinctive emission bands. The first emission band is the UV arises from the band-edge of ZnO and the peak position at around 395 nm. It is attributed by the recombination of free excitons through an exciton-exciton collision [38] . The second emission was abroad and green emission centered at 580 nm, originated from the point defect such as oxygen vacancies [39, 40] . It is remarkable in Fig. 8 that the intensity of the two bands of PL emission depends significantly on the length of the nanorods. An intriguing result here is that the relative intensity of the two PL bands depends on the length of the nanorods. The UV band peaked around 395 nm is strongly enhanced when the length of ZnO nanorods is reduction and the humps at around 580 nm decreases. Between the two extreme lengths, this intensity enhancement is roughly of a factor of 2.5.
Conclusion
ZnO nanorods have been prepared using a low-cost and convenient method by using wet chemical route, and were characterized by TEM, XRD, UV-vis absorption, and photoluminescence spectroscopy. TEM images confirmed the nanostructure for the prepared ZnO nanorods with different lengths and diameters which depend on the growth time. For growth time between 2 and 48 h, the diameter increased from 16 to 20 nm and the length from 50 to 150 nm. XRD patterns show that the ZnO NRs had remarkably excellent crystal structure with a preferential orientation. Raman spectroscopy showed Raman silent modes at 273 and 538 cm À1 , which became activated with the presence of defects. Moreover, the PL spectrum showed that the relative intensity of ultraviolet (UV) and visible emission bands depend on the length of nanorods.
